ABSTRACT Cotesia rubecula (Marshall) was Þrst released in New Zealand for control of Pieris rapae (L.) in December 1993. It has since been released in nine regions and is established in eight of these, from Northland to Southland (35Њ 15Ј S to 46Њ 10Ј S). Natural geographic spread of C. rubecula has averaged Ϸ2 km/yr in the Pukekohe area in South Auckland. Death rates due to parasitism ranged from 48 to 97% of host larvae at selected study sites, but were lower at most commercial sites. Three paired comparisons of sites with and without C. rubecula showed that the parasitoid reduced the survival of P. rapae larvae and limited the density of Þfth instars. Although C. rubecula reduced parasitism by Cotesia glomerata (L.) in sites where they were both present, total parasitism of P. rapae was increased at these sites. Some hyperparasitism of C. rubecula by Tetrastichus galactopus was observed, but it does not appear to be limiting establishment of C. rubecula.
and Kok 1992) in the United States were unsuccessful. These failures were attributed to early diapause (Nealis 1985) , which was shown to limit the effectiveness of C. rubecula at lower latitudes in Oregon (Biever 1992) . High levels of hyperparasitism were also associated with establishment failures in Virginia (McDonald and Kok 1992) . Recently, C. rubecula has been recovered and shown to be capable of overwintering in Ontario (Carter and Laing 1997) and Quebec, Canada (Godin and Boivin 1998) .
Although large C. glomerata larvae can partially suppress the development of C. rubecula, in cases of multi-parasitism C. rubecula is usually the superior competitor (Laing and Corrigan 1987) . These authors predicted that competition between the two parasitoids would be unlikely to hinder the establishment of C. rubecula. Once established, C. rubecula partially displaces C. glomerata (Parker and Pinnell 1972) and crop damage is decreased because P. rapae larvae parasitized by C. rubecula eat less than those parasitized by C. glomerata (Parker and Pinnell 1973) .
By 1995 in New Zealand, following the 1993Ϫ1994 releases of C. rubecula as documented in Cameron et al. (1995) , the parasitoid had overwintered at four release sites in the Auckland region and one site in Canterbury. The current article reports on the subsequent releases of C. rubecula throughout New Zealand and its dispersal, impact on populations of P. rapae, interaction with C. glomerata, and hyperparasites attacking C. rubecula.
Materials and Methods
Rearing and Release. Cultures of C. rubecula were established from Þeld collections of P. rapae at Pukekohe, South Auckland (174Њ 55Ј E, 37Њ 10Ј S). Rearing of the parasitoid was based on a disease-free culture of P. rapae that was established on cabbage to provide second and small third instars for parasitism. Parasitism was achieved by placing 50Ϫ100 larvae of P. rapae on cabbage leaves in 2-liter plastic vented containers and adding 5Ð10 mated female C. rubecula (2Ϫ5 d old). Adult parasitoids were fed a honey-agar-sugar formulation and a dilute honey-water solution on cotton wicks. Additional cabbage was provided as food for host larvae as necessary. The resulting cocoons of C. rubecula were harvested after 10Ϫ12 d.
For release, 100Ϫ200 C. rubecula cocoons were placed in 20 by 5-cm cardboard tubes, each with a small exit hole at one end, and supplied with the honey-agar-sugar formulation as food for emerging adults. These containers were placed in release stations consisting of a delta pheromone trap body hung from a metal stand at canopy height in Þelds of vegetable Brassica spp. where larvae of P. rapae were present. Release sites were located at research stations, at organic gardens, or at conventional grower sites. In all these locations, areas of Brassica spp. crops from 0.05 to 0.5 ha were left unsprayed and in research areas a succession of vegetable Brassica spp. crops was maintained.
In 1993Ð1994, a total of 9,456 parasitoid cocoons were released at 17 sites (Cameron et al. 1995 ) over a wide range of latitudes from 35Њ 15Ј S in Northland to 46Њ 10Ј S in Southland. In 1994Ϫ1995, releases were extended to a further 17 sites within the same regions (Crosby et al. 1998 ) (Northland, Auckland, Wellington, mid-Canterbury, and Southland) and three more sites in an additional region (Wanganui), with the release of an additional 20,267 parasitoid cocoons ( Fig.  1 ; Table 1 ). In 1997Ϫ1999, parasitoids were also released in vegetable Brassica spp. growing regions in Gisborne and HawkeÕs Bay on the east coast of the North Island, and south of Auckland in the Waikato region. More than 42,000 parasitoid cocoons were released (Table 1) . Eclosion from cocoons was estimated to be 95Ð100% and the sex ratio of subsamples was Ϸ1:1.
Recovery and Establishment. Parasitism in release sites near Auckland was monitored every 1Ϫ2 wk by collecting P. rapae larvae from a minimum of 20 randomly selected plants per site with the aim of collecting at least 30 larvae per site. Larvae were reared individually in the laboratory on host plant material Table 1. placed in tubes that also contained a general-purpose diet (Moore 1985) . Parasitism at more distant survey sites in other regions was assessed before each release of parasitoids and on one or two occasions later in the season. Establishment of C. rubecula, deÞned as successful overwintering, was conÞrmed by surveys undertaken the following spring or summer before any further releases.
Estimates of parasitism by C. rubecula and C. glomerata at survey sites were based on all instars of P. rapae collected. Larvae that died within 1 d of collection from no apparent cause were considered damaged at collection and were discarded. Death rates due to parasitism for each parasitoid species were calculated from the number of P. rapae larvae that produced cocoons of either C. rubecula or C. glomerata, divided by the total number of larvae surviving the initial collection including those P. rapae that were diseased. The result was converted to a percentage. Rates of parasitism were presented as ranges based on sites where Ͼ15 larvae were reared. Although estimates based on all instars were likely to overestimate parasitism by including stages from which parasitoid emergence had commenced (Van Driesche et al. 1991) this method was used because it provided estimates for a larger number of survey sites. Hyperparasitoids were detected by rearing both Þeld-collected cocoons and those cocoons reared from Þeld-collected larvae. Rates of hyperparasitism were estimated for experimental sites only (see below).
Spread. From January to March 1996, a detailed survey was initiated to study the spread of C. rubecula from the Pukekohe Research Center release site into the neighboring South Auckland vegetable-growing region. Trap plants (cabbages infested with 30Ϫ50 small P. rapae larvae) were placed at Ϸ0.5-to 1.0-km intervals out from the release site, throughout the area enclosing Patumahoe, Tuakau and Bombay (Fig. 1 ). Plants were placed in pairs (Ϸ10 m apart) at the edge of vegetable Brassica spp. crops or near roadside Brassica spp. weeds, left in the Þeld for 2 d, and then collected. Larvae were then reared individually in the laboratory (as above) to determine the extent of parasitism. A total of 54 sites (108 traps) was examined. From 1997 to 2000, the distribution of C. rubecula in the same area was also assessed from collections of larvae from naturally occurring populations of P. rapae in crops or on roadside Brassica spp. weeds.
Impact on P. rapae. The impact of C. rubecula on P. rapae larvae was evaluated in vegetable growing areas near Auckland at three pairs of experimental sites, with the pairs of each set separated by 2Ϫ10 km. Cotesia rubecula was present at one of each of the paired sites, and its absence at the other site was conÞrmed by surveys of neighboring crops and weekly sampling within the experimental crop. The comparison was performed on cabbage at Pukekohe (South Auckland) in 1993Ϫ1994 and at Kumeu (Auckland) in the 1994Ϫ1995 summer season, and on broccoli at Pukekohe in the 1995Ϫ1996 summer season. The sites consisted of at least 400 plants of similar age that had received no insecticide applications. The size distribution of P. rapae larvae was assessed by recording the number of larvae in each instar in seven to eight weekly samples from 20 to 40 randomly selected plants. Rates of parasitism were monitored by collecting and rearing the Þrst 30Ϫ60 second-to fourth-instar P. rapae encountered during this weekly sampling. Larvae that died within 1 d of collection from no apparent cause were discarded. Death rates due to parasitism were calculated as the number of C. rubecula cocoons obtained from the remaining larvae, divided by the total number of larvae surviving the initial collection including those P. rapae that were diseased or parasitised by C. glomerata, and then multiplied by 100. Separate estimates of parasitism in 1993Ð1994 for each instar showed that most parasitism by C. rubecula occurred in the Þrst two instars; 41.5% (n ϭ 53) of Þrst instars were parasitized and 70.9% (n ϭ 117) of second instars. Estimates of parasitism increased slightly from second to fourth instar; i.e., parasitism from third instars was 75.3% (n ϭ 154) and fourth instars 75.6% (n ϭ 168). Parasitoid emergence from Þfth instar was rare (3.5%, n ϭ 57). Although Godin and Boivin (1998) suggested that estimates of parasitism based on third instars were most accurate, our estimates based on second to fourth instars (74.3%) were similar to those from third instars. As this method allowed estimates for a greater number of samples, it was used for all experimental sites. Interaction with C. glomerata and Hyperparasites. The seasonal interaction of C. rubecula, C. glomerata and hyperparasitoids was examined by monitoring parasitism in cabbage crops planted sequentially at the Pukekohe Research Station in 1996Ϫ1997. The crops consisted of Ϸ400 plants that were sampled weekly from November to May. Twenty to 40 randomly selected plants were sampled on each occasion and parasitism was estimated by rearing the Þrst 30 Ð 60 second to fourth instars encountered. Cotesia rubecula cocoons were also collected from these plants and reared individually to estimate rates of hyperparasitism.
Statistical Analysis. Instar distributions of P. rapae at sites with and without C. rubecula were compared using the number of larvae in each instar 1Ϫ2 wk before harvest for each pair of experimental crops. Preliminary observations indicated that the major difference between sites was the density of Þfth instars; therefore, we compared the combined number of individuals in instars 1Ϫ4 and the number of Þfth instars at each site by calculating a chi-square value (Sokal and Rohlf 1981) . Death rates due to parasitism by C. rubecula and C. glomerata at the same experimental sites were compared by checking for overlap of 95% conÞdence intervals derived from statistical tables based on the binomial distribution (Rohlf and Sokal 1969) . Levels of parasitism by C. glomerata were compared at sites with and without C. rubecula using a paired t-test (Sokal and Rohlf 1981) of the percentage parasitism for each week over an 8-wk period in 1993Ϫ1994 and 7 wk in 1995Ϫ1996.
Voucher specimens of C. rubecula from importations, from cultures reared for release, and recoveries from the Þeld have been deposited in the New Zealand Arthropod Collection, Mount Albert Research Center, Auckland, New Zealand.
Results and Discussion
Rearing and Release. Releases of C. rubecula cocoons generally exceeded 2000 per region, and averaged 842 per release site with a range of 708 Ð2242 (Table 1 ). The total number of releases exceeded the level (30,000) associated with higher (80%) establishment rates for other species of biological control agents introduced into New Zealand (Cameron et al. 1993) .
Recovery and Establishment. In previously reported surveys to May 1994 (Cameron et al. 1995) , C. rubecula was released and recovered in Þve geographic regions and established at four Auckland sites, one Canterbury site, and one Southland site. Following additional releases reported here in the 1994Ϫ1995 season, C. rubecula also overwintered and established at two sites in each of the Northland, Wanganui, and Wellington regions (Table 1 ). In 1997Ϫ1998 and 1998Ϫ1999, C. rubecula was released and recovered for two seasons in Gisborne and one season in each of HawkeÕs Bay and Waikato. In 1999Ϫ2000, overwintering was recorded at one site in the Waikato and recovery of cocoons indicated successful overwintering at one HawkeÕs Bay site. Although parasitism was recorded at six sites in Gisborne, parasitoids failed to establish in this region (Table 1) . Cotesia rubecula was recovered within each season that it was released in Gisborne, but parasitism levels were low (Table 1) and surveys over the following summers for over four years indicated that the parasitoid had failed to establish. This failure to establish was attributed to the lack of refuge areas that limited the continuity of host insect populations, rather than to any biological limitations of C. rubecula. The high number of recoveries and establishments in the South Auckland region reßected the spread of the parasitoid as detected by detailed monitoring and trapping studies (described below). It is likely that detailed studies in the other regions would detect a similar spread from sites where C. rubecula is established.
Rates of parasitism by C. rubecula ranged from 2 to 97% among sites (Table 1 ). The unstructured nature of the sampling at remote sites and the use of estimates based on all instars are likely to have introduced variability to these estimates and underestimated parasitism. More consistent levels of parasitism (based on second to fourth instars) ranging from 48 to 97% at experimental sites (Table 2) suggested that the availability of P. rapae larvae in the succession of Brassica crops at these sites was an important factor in obtaining high levels of parasitism. Parker et al. (1971) found that low populations of host larvae limited parasitism and therefore used artiÞcial releases of P. rapae larvae to improve the control provided by C. rubecula. Overall, the wide range of latitude over which the South Australian strain of C. rubecula from Adelaide established in New Zealand (35Њ 15Ј S to 46Њ 10Ј S) suggested that its regional distribution is similar to that of its host, and within vegetable growing areas its range is not restricted by climate. This result is consistent with research by Nealis (1985) showing that diapause in C. rubecula from Australia is synchronized with local autumn conditions there, whereas populations from British Columbia, Canada, may enter diapause too early for local weather conditions and be adversely affected by warm autumn temperatures when introduced to lower latitudes (Biever 1992) such as those in Oregon.
Spread. Dispersal from release sites has so far been comparatively slow. In the Þrst 4 mo following release in the Pukekohe vegetable-growing region in South Auckland, parasitoids were detected 2.1 km from the release point. In March 1996, more than 2 yr after Þrst release, very little further spread was detected except for the temporary appearance of C. rubecula at one site near Bombay, 12 km distant (Fig. 1) . Trap plants infested with host larvae detected the presence of parasitoids on a Þner scale than Þeld surveys. Cotesia rubecula alone was reared from 16 of 54 trap locations, C. glomerata alone was reared from 16 locations, and both parasitoids were obtained from three locations. The failure of traps to detect C. rubecula in some areas where it had previously been recorded indicated that the parasitoid might be patchily distributed. In the 1996Ϫ1997 season, crop and roadside surveys detected further spread to the west and, in 1997Ϫ1998, dispersal extended into vegetable growing areas to the west and south (Fig. 1) . This slow spread was continued to the south in 1999Ϫ2000 and, together with negative records to the north, east and southwest, these results deÞned the boundaries of the distribution of C. rubecula in South Auckland. The records from 1993 to April 2000 indicated an average spread of 2.3 km/yr. This dispersal was of a similar order to the 0.8-km movement noted by McDonald and Kok (1992) and 1.7Ϫ6.7 km recorded by Puttler et al. (1970) for C. rubecula. By comparison, dispersal by C. glomerata following its release in Nelson, New Zealand, was recorded as 3 km/yr (Ferguson 1989) . However, the rate of spread of several other parasitoids introduced for control of lepidopterous Þeld crop pests in New Zealand, reported in Cameron et al. (1989) , appears to be at least an order greater than that for C. rubecula. For example: Cotesia kazak Telenga spread Ϸ100 km/yr; Cotesia ruficrus (Haliday) is reported as spreading rapidly throughout all cropping regions; Pteromalus puparum (L.) spread 110 km/yr; Diadegma semiclausum (Hellé n) spread rapidly, and; Diadromus collaris (Gravenhorst) spread 105 km/yr.
One feature of the distribution surveys using trap plants and crop surveys was the absence of C. rubecula from some sites where it had been recorded previously. This observation indicated that C. rubecula is patchily distributed and limited in its dispersal capabilities, and may not locate small areas infested by P. rapae. However, records of the presence or absence of C. glomerata and C. rubecula from sample Þelds (rather than trap plants) showed that in regions where C. rubecula was established, both species of parasitoids occurred on 30 of 36 sampling occasions and C. rubecula was absent on only four occasions when C. glomerata was present. The slightly wider distribution of C. glomerata in these records may indicate the greater mobility of this parasitoid compared with C. rubecula, but their coexistence at many sites conÞrmed that neither species has excluded the other despite their known competitive interactions (Laing and Corrigan 1987) .
Impact on P. rapae. The release of C. rubecula at experimental sites and its relatively slow dispersal allowed the comparison of sites with and without natural populations of this parasitoid. Rearing of P. rapae classiÞed by instar conÞrmed that C. rubecula parasitized mainly Þrst and second instars and emerged from fourth instars, with rare emergence (3%) from Þfth instars (see Materials and Methods). Incidence of parasitism of P. rapae by C. rubecula at the three experimental sites varied from 48 to 97% and was generally above 70% throughout each of the comparison periods (Table 2 ). The impact of this mortality on populations of the last two instars was demonstrated by comparing three paired sites with and without C. rubecula as summarized in Table 2 .
Weekly sampling in 1993Ð1994 of paired cabbage sites at Pukekohe (Fig. 2) showed that parasitism by C. rubecula was frequently above 80% and populations of Þfth-instar P. rapae occurred mainly where this parasitoid was absent (interactions with C. glomerata are discussed below). Analysis of all instars (Fig. 3) illustrated that although populations developed similarly at both sites until 12 April, beyond this date only one larva survived to reach Þfth instar where C. rubecula was present, and from 19 April few fourth instars survived. By contrast, at the control cabbage site with no C. rubecula, the number of Þfth instars reached 2.45 per plant and was 1.65 per plant on 27 April, 2 wk before harvest (Table 2) . Similar results were obtained in the broccoli trial in 1995Ϫ1996 where parasitism at the release site ranged from 71 to 93% over the period of the comparison (Fig. 2) . Although P. rapae populations were denser than at the control site, very few larvae survived to enter the Þfth instar where C. rubecula was present. As the population at the control site developed, large Þfth instars became common on the plants. Just before harvest 80% of the broccoli heads were infested, providing an average of 2.05 large larvae per plant ( Table 2) .
Comparison of the proportion of larvae in each instar 1Ð2 wk before harvest indicated that the major effect of parasitism by C. rubecula occurred in fourth and Þfth-instar P. rapae. In 1993Ð1994 (Fig. 3) , when the counts of larvae 2 wk before harvest from instars 1Ϫ4 were combined and compared with Þfth instars using chi-square analysis, the proportion of Þfth instars was signiÞcantly lower ( 2 ϭ 11.16, df ϭ 1, P Ͻ 0.001) where C. rubecula was present. Similar results were obtained for 1994 Ð1995 and 1995Ð1996, ( 2 ϭ 34.3 and 79.9, df ϭ 1, P Ͻ 0.001) (Fig. 4.) .
Estimates of the infestation per plant by Þfth instars provided a summary of the impact of C. rubecula in all the experimental comparisons (Table 2) . At sites with C. rubecula, the density of Þfth instars reached only 0.25 per plant compared with a minimum of 1.65 per plant at sites without C. rubecula. As the paired sites were planted at similar dates and were within 10 km of each other, the seasonal or climatic differences between the sites were likely to be minimal. All sites were free of insecticide applications, therefore natural enemies other than C. rubecula were also abundant and contributed to mortality of P. rapae. However, consistent differences between the size distribution of P. rapae larvae with and without C. rubecula, together with the high rates of parasitism, indicated that C. rubecula was a major factor in reducing the populations of large, damaging P. rapae larvae.
Interaction with C. glomerata. Cotesia glomerata occurred naturally at all paired study sites. Where C. rubecula was absent, maximum death rates due to parasitism by C. glomerata exceeded 50%, but parasitism was always below 20% when C. rubecula was present (Fig. 2) . Comparison of the death rates due to parasitism for each weekly sample at the paired sites showed signiÞcantly lower levels of parasitism by C. glomerata in 1993Ϫ1994 (t ϭ 10.46, df ϭ 6, P Ͻ 0.001) and 1995Ϫ1996 (t ϭ 4.49, df ϭ 7, P Ͻ 0.001) at both sites where C. rubecula was established. This partial displacement of C. glomerata is consistent with Þeld observations by Parker and Pinnell (1972) and laboratory experiments by Laing and Corrigan (1987) . Our results, together with the literature, indicate that C. glomerata causes lower death rates where both parasitoids are present because C. rubecula is the superior competitor and usually kills the host Þrst. However, C glomerata may also have a lower attack rate because at sites where C. glomerata was the only parasitoid its level of parasitism did not reach levels achieved by C. rubecula at the paired site. Parker and Pinnell (1973) also demonstrated that partial displacement of C. glomerata was not detrimental to control of P. rapae because larvae parasitised by C. rubecula are killed in the fourth instar and eat less than those parasitised by C. glomerata.
Longer-term sampling over two cropping periods in the 1996Ϫ1997 season (Fig. 5) , showed that C. rube- cula was synchronized with summer populations of P. rapae. Death rates due to parasitism reached a peak of 60% in January and February and declined below 40% later in the season. By contrast, C. glomerata parasitism increased later in the season and in April at this site it exceeded parasitism by C. rubecula. Even at control sites with C. glomerata alone (Fig. 2) , rates of parasitism by this species increased later in crop development. This pattern of late season activity by C. glomerata was also observed before the introduction of C. rubecula at South Auckland sites (Beck and Cameron 1992) . In Missouri, Parker et al. (1971) similarly observed that C. rubecula occurred earlier in the spring than C. glomerata and was better synchronized with spring populations of P. rapae.
Hyperparasitism. The hyperparasitoid, Tetrastichus (Aprostocetus) galactopus (Ratzeburg) (Hymenoptera: Eulophidae) was reared from C. rubecula cocoons or parasitised P. rapae fourth instars collected from all regions during the Þeld survey. Occasional hyperparasitism by Tetrastichus galactopus occurred at the Pukekohe site in November and December of the 1996Ϫ1997 season, but more than one hyperparasite per weekly sample was not detected until January (Fig. 5 ). The level of hyperparasitism then followed the pattern of C. rubecula parasitism, with a delay of Ϸ1 mo. This delay corresponded to the delay in appearance between stages suitable for parasitism by C. rubecula (Þrst-and second-instar P. rapae) and T. galactopus (parasitised fourth-instar P. rapae). Hyperparasitism reached 60 Ð 80% in March and April. Although these levels are higher than those recorded by McDonald and Kok (1992) , C. rubecula has maintained high rates of parasitism at the Pukekohe Research Center site since 1993. Hyperparasitism was also noted during the early stages of establishment at this site (G.P.W., unpublished data). Our results are therefore consistent with those of Nealis (1983) who argued against hyperparasitism being a limiting factor in the establishment of C. rubecula.
In conclusion, C. rubecula is established at a wide range of release sites throughout New Zealand, and is dispersing beyond the release points. Rates of parasitism appear to be reduced when P. rapae larval populations are isolated and not continually available within a cropping area. Local variation in rates of parasitism may result partly from the limited dispersal capabilities of the adult parasitoids and from the use of broad-spectrum insecticides for pest control on vegetables in the South Auckland area. Ohsaki and Sato (1990) similarly noted that P. rapae escaped parasitism by C. glomerata when the host insect colonized temporary habitats such as newly sown and isolated crops. Parker et al. (1971) also noted poor establishment of C. rubecula when populations of host larvae were small. They reduced this problem in Missouri by supplementing P. rapae populations at the same time that C. rubecula was released. As the cost of rearing is likely to inhibit the use of inoculative releases in New Zealand, planting of refuges to maintain populations of P. rapae and C. rubecula may be more economic in this country. However, the main problem with C. rubecula in parts of North America has been its failure to overwinter successfully. Nealis (1985) and Biever (1992) considered these failures to be related to early diapause in the North American strain; however, the South Australian strain used in our study appears to enter diapause at the time of year appropriate for winter survival throughout New Zealand. Although we have recorded high levels of hyperparasitism of C. rubecula by T. galactopus, this has not prevented the establishment of C. rubecula in most regions. Where populations are very low the transfer of the hyperparasite T. galactopus from C. glomerata, as observed by Gaines and Kok (1999) , may limit initial establishment of C. rubecula. Our results indicate that C. rubecula is still expanding its geographic range in New Zealand and, where a suitable succession of Brassica spp. crops is available, it is likely to signiÞcantly improve the biological control of P. rapae. 
